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March 9, 1998 
To Whom It May Concern: 
We feel it is necessary to mention that the Detail Design section of our report may appear 
too long because of the many figures and tables. However, we removed all the figures and 
tables and verified that this section does indeed meet the five page limitation. Also, we 
have included appendices to provide completeness to our report. Appendices A and B 
serve to further clarify some of the mathematical models used in our analysis. Appendices 
C, D, and E are computer drawings of our design that fit more naturally in appendices 
than in the body of the report. 
Thank you for your part in making this competition a positive learning experience for all 
involved. We look forward to the competition on April25. 
Sincerely, 
Blake M. Ashby 
Lead Writer 
Utah State University 
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Executive Summary 
A design team consisting of students at Utah State University have designed, analyzed, and are building an 
airplane that will compete in the 1997/98 Cessna/ONR Student Design/Build/Fly Competition sponsored 
by AIAA in Wichita, Kansas on April25, 1998. This design consisted of developing an unmanned, 
electric-powered, radio-controlled airplane that will complete the most number of laps possible around a 
specified course in a seven-minute time limit. The airplane is powered by 2.5 pounds ofNiCad batteries 
and must carry a 7.5 pound steel payload. 
The general designs first investigated for the airplane were a tail configuration and a canard configuration. 
The tail configuration was selected over the canard because of concerns about stability and construction. 
High wing and low wing configurations were investigated as well. A high wing design was selected because 
less dihedral was required to provide roll stability. A wing with less dihedral is more efficient and also 
easier to construct. The location of the center of gravity of the airplane was analyzed. An airplane with the 
center of gravity in front of the quarter chord of the wing will be more stable. However, this arrangement 
has a lower lift-to-drag ratio because the tail needs to generate more negative lift to keep the plane 
balanced. It was decided to put the center of gravity behind the quarter chord of the wing to minimize the 
negative lift from the tail. Finally, T -tail and V-tail configurations were considered. The T -tail was selected 
because of concerns about complexities involved with the design and construction of a V-tail. 
Different conceptual designs for the power plant of the airplane were considered. Some thought was given 
to using two motors instead of just one for the airplane. The single motor arrangement was selected because 
of design simplicity and construction costs. Also, brushless and brush motors were investigated. From a 
performance standpoint, the brushless motors are noticeably better, but the design team is more familiar 
with the brush motors. Also, the brushless motors and speed controls are substantially more expensive than 
the brush motors and speed controls. Therefore, a single brush motor system was selected because the 
slight improvement in performance could not justify the extra cost of the brushless motor system. 
Several different designs for the structural components of the airplane have been investigated. The 
placement of the payload was analyzed. Some benefit came from placing the payload in the wings, 
particularly for large wingspans. As the size ofthe wings was decreased because of increased desired 
airspeeds, those benefits became less distinct, so the steel was placed in the fuselage. A cylindrical fuselage 
design was investigated as well as an airfoil-shaped fuselage. The airfoil-shaped fuselage was-selected 
because it is lower in drag, lighter in weight, and less expensive to build. The composition of the structural 
beam for the wing support was also studied. Alternatives considered were box beams of spruce wood or 
carbon fiber composites. The spruce wood beam was slightly lighter, but allowed for excessive deflection 
when loaded. The composite beam was chosen because it provided the necessary strength and stiffness for 
the wing. 
The evolution of the structural design of the airplane was closely tied to the evolution of the aerodynamic 
analysis of the airplane. Initially, the wing of the airplane had a large planforril area and a high aspect ratio, 
which required a long, very strong beam to support the airplane. As the designed airspeed of the airplane 
increased and the planform area of the wing decreased, the necessary strength of the beam also decreased. 
However, the analysis showed that increasing the g load capability of the airplane would increase the 
number of laps possible. This caused the strength requirements of the beam to increase once again. Also, a 
tapered wing was chosen over a rectangular wing because of enhanced aerodynamic efficiency and 
increased strength at the wing root. 
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Numerous design tools and analytical methods were used at each step of the design process. Most ofthese 
methods involved the use of computer programs that were either already available or were developed by the 
team members. The first program used is the "Airplane" program, an aircraft design package developed at 
Utah State University. This program was used to iteratively modify the various parameters of the airplane 
at each step in the design process. "Airplane" was also used to ensure that the design had proper handling 
characteristics by making sure the aerodynamic moments about the center of gravity in all three directions 
stayed within acceptable boundaries. 
The second program, ''Params", is a computer program the design team wrote in FORTRAN. This 
program was used throughout the design process to help evaluate the effects various design changes. had 
upon the airplane's performance. Using "Params", plots can easily be generated that describe various 
performance parameters as a function of airspeed including lift-to-drag ratio, thrust available and required, 
power available and required, minimum turning radius, rate of climb, throttle setting required, and energy 
consumption. "Params" can also be used to perform a thorough takeoff analysis and predict the number of 
laps the airplane design can complete in the seven-minute time limit. 
The third program, "Mpeff' (for Motor/Propeller efficiency), was also written in FORTRAN by the design 
team to assist in the selection of appropriate combinations for the electric motor, speed control, battery 
pack, and propeller. This program uses input parameters generated by "Params" that describe the 
aerodynamic characteristics of the airplane, along with the pertinent specifications ·Of the motors, speed 
controls, battery pack set-ups, and propellers. "Mpeff' automatically evaluates each possible combination 
and, after eliminating those that prevent takeoff in the specified 3 00 feet, determines which combinations 
provide the best overall efficiency over a range of airspeeds. 
The fourth program, "Wind", was developed by the design team to determine the effects of wind on the 
airplane's performance. This program will be used at the competition to help the pilot know the optimum 
airspeeds for the wind conditions at the time of flight. 
The final program, "Analyse an Airfoil", was used to help the design team select a suitable airfoil shape for 
the wing. This program was written by Martin Hepperle and posted on the Internet. The chosen airfoil was 
verified to perform well at low Reynolds numbers using this program. Also, the lift slope, maximum lift 
coefficient, and stall angle of the airfoil were determined, which were used in other areas of the analysis of 
the airplane design. 
One of the most important decisions that had to be made was the designed airspeed of the airplane. Every 
airplane has an optimal airspeed at which drag is minimized and the lift-to-drag (LID) ratio is maximized. 
Initially, the airplane was designed to fly at 30 mph. Using the tools described previously, it was 
determined that the time would expire much sooner than the available battery power at this airspeed. 
Therefore, the planform area of the airplane needed to be significantly decreased in order to increase the 
designed airspeed. Ideally, the team would have liked to design the airplane with a minimum drag airspeed 
of approximately 70 mph. However, structural limitations imposed by the need to carry the 7.5 pound 
payload made this task nearly impossible. Ultimately, the airplane was designed with a minimum drag 
airspeed of 53 mph, but will actually fly closer to 70 mph in order to use the available energy in the time 
allotted. Finally, a velocity controller was designed for the airplane. This will allow the airplane to 
maximize the number of laps completed in the competition by ensuring the airplane always flies at the most 
efficient airspeed for the existing wind conditions. -
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Management Summary 
In order to successfully involve 30 team members in the design, it was decided early on that the team would 
be sub-divided into three main groups, each emphasizing a different aspect of a successful design. One 
group emphasized computer iteration and theoretical optimization of the aerodynamic design, another 
designed an electronic airspeed controller, and the final group attempted to form a better theoretical model 
for the battery/motor/propeller combination through experimentation. Table 1 on the following page shows 
how each team member was (or will be) involved in each aspect of the airplane design, construction and 
testing. A rating of '5' indicates maximum involvement and a rating of ' 0' indicates no involvement. 
The entire team has had weekly meetings with the faculty advisor, Dr. W.F. Phillips to .document progress 
and share design information. One day each month was designated as a day for each of the groups to 
present new information learned during their research into the aircraft design. This presentation served to 
ensure each group was on schedule as well as keep the other teams up to date on the progress of the design. 
Figure I is a summary milestone chart for the project, and shows when the major tasks in the design have 
been and will be completed. 
ID 
1 
72 
Task Name 
1.0 Conceptual Design Phase 
1.1 Basic Airplane Configuration Wed 10/15/97 
1.2 Powerplant Wed 10/15/97 
1.3 Materials Wed 10/15197 
Preliminary Design Phase Wed 11/12/97 
2.1 Computer Aerodynamic Synthesis Fri 11/14197 
2.2 Software Development Wed 11/12/97 
3.0 Detail Design Phase Sun 11/2197 
3.1 Aerodynamic Analyls Tue 1/20/98 
3.2 Structural Analysis Mon 11/10/97 
3.3 PowerPiant Selection Sat 11/15/97 
3A Velocity Controller Sun 11/2/97 
3.5 Manufacturing Pian Mon 11/10/97 
3.6 Integration of Controls Thu 2126198 
3.7 Test Flight Man 3/30198 
3.8 Evaluation/Iteration after Test Flight Man 3/30/98 
4.0 Documentation of Project Fri 1013197 
4.1 Journal Fri 1013197 
4.2 Letter of Intent to AIAA Fri10/31197 
4.3 Rough Draft Report to AIAA Mon12129197 
4.4 Final Report to AIAA Mon2116/98 
4.5 Addendum Report to AIAA Mon 3/30/98 
Finish Sep 
Wed 2/4198 
Frl1/30/98 
Wed 2/4/98 
Thu 12/4/97 
Mon 2/16/98 
Mon 2/16/98 
Fri 2/13/98 
Mon4/20/98 
Thu 3/12198 
Thu4/2198 
Wed4/1/98 
Mon4/20/98 
Thu 3/12/98 
Fri 3127/98 
Man 3/30198 
Mon 4120/98 
Fri 4124/98 
Fri 4/24198 
Fri 10131/97 
Sat2114198 
Man 3/16198 
Man 4/13198 
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Figure 1-Design Management Timeline 
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1.0 Conceptual Design Phase 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 2 
1.1 Basic Airplane Configuration 5 5 5 2 2 5 5 5 5 5 5 5 3 5 5 2 
1.2 Powerplant 4 4 4 2 2 4 4 4 4 4 5 4 2 4 4 2 
1.3 Materials 4 4 4 5 5 4 5 5 5 4 4 4 5 4 4 2 
2.0 Preliminary Design Phase 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 2 
2.1 Computer Aerodynamic Synthesis 5 5 4 0 0 5 4 4 5 0 5 2 0 5 4 2 
2.1 .1 Design Parameter/Sizing selection 4 4 4 0 0 4 5 5 5 0 5 3 1 5 4 2 
2.1.2 Structural Design 
2.1.2.1 Wing 4 4 4 5 5 4 5 4 4 0 3 4 5 4 5 2 
2.1.2.2 Fuselage 4 4 4 5 5 4 5 4 5 1 3 4 4 5 5 2 
2.1.2.3 Tail 4 4 4 5 5 5 5 5 5 0 3 4 5 3 4 2 
2.2 Software Development 
2.2.1 Params Program 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 
2.2.2 Mpeff Program 0 0 0 0 0 0 0 0 0 0 5 0 0 4 0 0 
2.2.3 Wind Program 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 
3.0 Detail Design Phase 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 3 
3.1 Aerodynamic Analyis 
3.1.1 Take off Performance 2 3 2 0 0 1 2 3 2 0 5 2 5 1 0 
3.1.2 Range and Endurance 2 3 2 0 0 5 2 3 2 0 5 2 2 5 2 0 
3.1.3 Stability 4 5 4 0 0 5 4 4 4 0 5 4 3 3 4 3 
0 3.2 Structural Analysis 5 5 5 5 5 5 5 5 5 0 5 5 5 5 5 2 3.2.1 Composites 1 1 1 1 1 4 5 5 5 0 1 4 5 3 3 2 
3.2.2 Woods (Balsa-spruce) 2 2 5 5 5 2 3 2 2 0 2 3 2 2 3 3 
3.3 PowerPiant Selection 
3.3.1 Motor/Prop Testing 5 5 5 0 0 1 1 1 1 1 1 1 1 1 2 
3.3.2 Computer Performance 5 5 5 0 0 4 5 5 5 0 5 1 1 4 1 2 
3.3.3 Battery Configuration 4 4 5 2 2 3 4 5 4 1 3 2 3 3 3 0 
3.4 Velocity Controller 
3.4.1 Design of electronics 0 0 0 0 0 3 3 3 3 5 0 0 0 0 0 0 
3.4.2 Sensor Calibration 0 0 0 0 0 3 3 3 3 5 0 0 0 0 0 0 
3.4.3 Integration 1 1 1 1 1 5 4 4 4 3 1 1 1 1 1 0 
3.5 Manufacturing Plan 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 
3.5.1 Material Testing 3 3 3 3 3 3 4 5 4 2 1 5 3 1 5 2 
3.5.1 .1 Foam 1 1 1 1 1 4 5 5 5 0 1 5 3 1 5 3 
3.5.1.2 Composite 1 1 1 1 1 "4 5 5 5 0 1 4 3 1 3 0 
3.5.1.3 Wood 3 3 3 5 5 3 3 3 3 0 1 3 3 1 3 2 
3.5.2 Wing Construction 3 3 3 5 5 4 5 5 5 0 1 5 3 2 5 2 
3.5.3 Fuselage Construction 3 3 3 5 5 4 5 4 5 0 2 5 3 2 5 2 
3.5.4 Tail Construction 3 3 3 5 5 4 5 4 5 0 1 5 4 2 5 2 
3.6 Integration of Controls 3 3 3 5 5 3 5 4 4 2 1 5 4 1 5 2 
3. 7 Evaluation/Iteration after Test Flight 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 2 
3.8 Documentation of Project 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 
3.8.1 Journal 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 0 
3.8.2 Letter of Intent to AIAA 1 1 1 1 1 1 1 1 1 1 1 1 1 5 1 0 
3.8.3 Rough Draft Report for AIAA 5 3 3 1 1 3 4 3 5 0 5 3 4 4 3 0 
3.8.4 Final Report to AIAA 2 1 1 1 1 2 1 1 2 2 5 1 4 5 1 0 
3.8.5 Addendum toAIAA 3 
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A number of alternative concepts were investigated in the conceptual design process. The various design 
tradeoffs are discussed and evaluated below based on numerous design criteria or figures of merit (FOM). 
These include a high lift-to-drag (LID) ratio, proper stability, maneuverability, sufficient power, high 
power-plant efficiencies, cost, ease of construction, weight, team members' experience, strength, and wing 
deflection. 
Alternative Concepts 
Tail vs. Canard Configuration 
One of the first design d~isions made was whether to build an airplane with a traditional wing/tail 
configuration or with a canard/wing configuration. Designs for both configurations were developed on the 
computer using the "Airplane" program developed at Utah State University (see Figure 2 and Figure 3). 
Initially, it appeared that the canard configuration could achieve a slightly higher LID. However, in order to 
achieve this, significant sweep was placed in the wings to keep the center of gravity closer to the main 
wings. The center of gravity needs to be located near the wings because the airplane must be lifted from its 
wing tips at the competition. A swept wing introduces greater challenges in construction than a non-swept 
wing would. Moreover, team members felt more comfortable designing and building a traditional wing/tail 
configuration than a canard configuration. Overall, the need to easily achieve proper stability, center of 
gravity location, and ease of manufacture outweighed the slight advantage in LID ratio causing the team to 
select the wing/tail configuration. 
Figure 2-Conceptual Tail Configuration 
Figure 3-Conceptual Canard Configuration 
0 
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High vs. Low Wing 
The team investigated the advantages and disadvantages of a design with a high wing versus a low wing. In 
terms of performance (LID), there was no perceived benefit of one configuration over the other. However, 
the high wing design makes it easier to achieve sufficient roll stability and therefore requires that less 
dihedral be designed into the wing. The reason for this is that the airflow around the fuselage creates a 
stabilizing roll moment for a high wing and a destabilizing roll moment for a low wing. A wing with less 
dihedral is a more efficient lifting surface because the lifting force vector is closer to vertical. Also, a low-
dihedral wing simplifies construction. Therefore, the team decided to design for a high wing configuration. 
Conventional Tail vs. V-tail 
Some consideration was given to using a V -type tail in place of the conventional horizontal and vertical tail 
surfaces. The justification for this was to reduce drag because there would only be two surfaces instead of 
three (left and right horizontal tail and vertical tail). This type of configuration introduces other 
complications with ensuring stability, the design of control surfaces, and construction. The team members 
felt more comfortable with the conventional configuration and the reduction in drag by the V -tail was not 
significant enough, so the conventional tail was selected. 
One-Motor vs. Two-Motors 
Higher power-plant efficiencies in steady-level flight is the justification for using two motors instead of one. 
Motors run more efficiently at higher throttle settings. However, a design that requires the motor operate 
near full throttle just to sustain steady-level flight would not have enough power to lift-off in the required 
300 feet runway. Therefore, a more powerful motor could be used to takeoff, and once the desired altitude 
is achieved, the power could be switched to a second motor which is more efficient at the flying speed. This 
setup would use the available battery power more efficiently. However, this type of setup is significantly 
more complicated to design and build. Also, the cost and weight needed for the motors would be twice as 
much. The design team determined that the small increase in efficiency does not outweigh the extra cost, 
weight, and design difficulty necessary to implement it, so the single motor system was selected. 
Brushless vs. Brush Motor 
Another significant decision in this design process was whether to use a brushless or a brush motor for 
propulsion. Brushless motors generally perform more efficiently than brush motors. Brushless motors have 
lower internal resistance and lower frictional losses than brush motors and therefore run cooler at higher 
currents. Cooler running motors are more efficient because the resistance of the copper in the motors 
increases with temperature. Another positive attribute ofbrushless motors is that there is less radio noise 
generated that can interfere with the remote control. In addition, the weight of the brushless motor selected 
for our design is slightly less than the brush motor that meets our design requirements. 
The main drawback to the brushless motor systems is they cost approximately twice as much as a suitable 
brush motor system. Also, the lack of experience with the new brushless motors caused the team to 
question how reliable they are compared with the brush motors that have been used for years. Although the 
brushless motors perform more efficiently, the team could not justifY the extra expense for one extra lap 
(see Figure 17 and Figure 18). Therefore, the brush motor system was selected. 
Payload in Fuselage vs. Payload in Wing 
Another consideration investigated was where to place the 7.5 pound steel payload. An alternative to 
placing the steel in the fuselage is placing the steel inside the wing. The main benefit of this is the load from 
the steel would no longer be concentrated at the center of the wing, but would be a distributed over a wider 
area, decreasing the necessary strength of the beam in the wing. One drawback to this design is that the 
steel in the wings would increase the rolling moment of inertia of the airplane. This would require the 
0 
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ailerons be made larger in order effectively control the airplane. Calculations about how far the steel would 
need to extend from the fuselage into the wing were made assuming the steel would be placed inside the 
tapered box beams that run the length of the wing. As the wing area was decreased as discussed in the 
Preliminary Design section, placing the payload inside the tapered box beams became less and less feasible. 
Therefore, the design team finally elected to place the payload in the fuselage. 
Center of Gravity In Front Of vs. Behind Wing Quarter-Chord 
A plane with the center of gravity ahead of the quarter-chord of the wing will always be stable in pitch. In 
general, the horizontal tail generates negative lift to balance the airplane in flight. If the center of gravity is 
ahead of the quarter-chord of the main wing, the horizontal tail must generate more negative lift than if the 
center of gravity is behind the quarter-chord. Therefore, an airplane with the center .of gravity located 
further back will have a higher overall lift-to-drag ratio for the airplane. Ensuring pitch stability with this 
configuration is only slightly more difficult. Since it is easy enough to design a stable airplane with the 
center of gravity behind the quarter-chord of the main wing, the design team decided to do so in order to 
increase the LID ratio of the airplane. 
Cylindrical Fuselage vs. Airfoil-Shaped Fuselage 
The two main fuselage configurations considered are the cylindrical fuselage and the airfoil-shaped 
fuselage. The cylindrical fuselage design is more conventional and therefore easier to design and adds more 
flexibility to the location of the internal components. Drawings of our alternate fuselage design are shown 
in Appendix D. The second approach investigated was an innovative airfoil wing/fuselage design. In this 
design, the fuselage would be simply an enlargement in the center of the wing and would still maintain an 
airfoil shape (though non-cambered). The fuselage would be constructed just like the wing with a foam core 
surrounded by a balsa and Monokote sheeting. Hatches would be constructed in the top and bottom of the 
fuselage and the various components would be attached inside of the Styrofoam. This design is a little more 
complicated to develop, but it provides great benefits in terms of reduced drag, weight, and cost over the 
cylindrical fuselage design. 
Composite vs. Spruce Wood ~earns in Wing 
The conceptual design of the wing required a beam structural member in the wing. Several different beams 
were analyzed including beams composed of aluminum, various kinds of wood, and composite fiber 
materials. These beams were analyzed with a variety of cross-sectional shapes from circular and square 
solid beams to I-beams and box beams. These beams went through an initial screening based on weight, 
deflection, and ultimate strength. The aluminum beams were eliminated because of weight. 
The beams that looked promising were a box beam that had a very thin airplane modelers plywood as a 
webbing that held either spruce or carbon fiber composite spars as far as possible away from the neutral 
axis. Both beam designs were constructed and tested. The spruce beam had a slightly lower weight but a 
greater deflection and lower ultimate strength than the carbon fiber beam. A large deflection in the main 
beam would transfer a large portion of the load to the foam core and balsa sheeting of the wing. Since the 
foam core and balsa sheeting of the wing itself can not support the deflection generated with the spruce 
beam, the carbon fiber composite beam was selected despite its slightly larger weight. 
Landing Gear-Tail-Dragger vs. Nose-Wheel 
The two concepts investigated concerning the landing gear were the "tail-dragger" and "nose-wheel" 
configurations. The "nose-wheel" configuration consists of the traditional two wheel landing gear located 
behind the center of gravity and a wheel placed towards the nose of the plane. The "tail-dragger" has the 
same two-wheel landing gear placed in front of the center of gravity with a small wheel attached to the 
rudder. The "tail-dragger" setup requires less weight and develops less drag in flight than the "nose-wheel" 
0 
configuration. Also, construction of the "tail-dragger" is less complicated because steering is achieved by 
simply attaching the tail-wheel to the rudder, requiring no additional" servo linkages. Therefore, the "tail-
dragger landing gear was chosen. 
In addition, the possibility of using retractable landing gear to reduce the drag in flight was investigated. 
However, the design team decided against using retractable landing gear, because they would add 
significant weight and cost to the fmal design. 
Airspeed Controller vs. No Airspeed Controller 
8 
The results of the analyses indicate there is a particular airspeed at which the airplane should fly to obtain 
the maximum range. Even a skilled pilot cannot gage precisely at what airspeed the plane is flying, so using 
an airspeed controller will provide the ability to validate the optimal design. In order for the plane to travel 
a maximum distance in a given period of time, the effects of wind speed and direction must be taken into 
consideration and compensated for, which can also be accomplished using an airspeed controller. The 
disadvantages of such a system include the increased weight, cost, and design complexity. However, this 
team possesses the experience to design such a system. Also, the tremendous increase in efficiency due to 
flying at the proper airspeed clearly justifies the extra weight and cost. Therefore, the team elected to design 
and build an airspeed controller for the airplane. 
Tapered vs. Rectangular Wing 
A tapered wing provides benefits in terms of aerodynamic efficiency over a rectangular shaped wing. Also, 
for a given wing area, a tapered wing allows for a larger root chord. This is important because the 
maximum moment occurs at the root and that is where the maximum strength must be. However, too much 
taper makes the .wing tips small which increases the probability of wing tip stall. A rectangular wing is 
easier to build, but less efficient. All things considered, the team decided to design for a tapered wing. The 
specifics regarding the team's selection of the taper ratio are detailed in the Preliminary Design section. 
Figures of Merit Summary 
Table 1 gives subjective quantitative values for each of the figures of merit (FOM) for competing concepts. 
Each figure of merit was rated from '1' to '3' with '3' being best. Values of'O' were given when the figure 
of merit did not apply. The chosen design concept is shown in bold. 
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High Wing 1 3 0 0 0 2 0 0 0 0 6 
Low Wing 0 1 0 0 0 I 0 0 0 0 2 
V-Tail 2 0 0 0 0 1 0 I 0 0 4 
T-Tail 1 0 0 0 0 2 0 2 0 0 5 
1 motor 0 0 2 2 3 3 2 3 0 0 15 
2 motors 0 0 3 3 I I I 1 0 0 10 
Brushless motor 0 0 3 3 1 0 2 1 0 0 10 
c Brush motor 0 0 2 2 3 0 1 3 0 0 11 
Steel in wings 0 1 0 0 0 1 0 1 0 0 3 
Steel in fuselage 0 2 0 0 0 3 0 2 0 0 7 
CG behind 1/4-chord 3 1 0 0 0 0 0 0 0 0 4 
CG in front of 1 /4-chord 1 2 0 0 0 0 0 0 0 0 3 
Cylindrical fuselage I 0 0 0 1 2 1 0 0 0 5 
Airfoil-shaped fuselage 2 0 0 0 2 1 2 0 0 0 7 
Composite wing beam 0 0 0 0 1 1 2 2 3 3 12 
Spruce wing beam 0 0 0 0 2 2 3 2 1 1 11 
Tail-Dragger 2 1 0 0 0 2 2 0 0 0 7 
Nose-Wheel 1 2 0 0 0 1 1 0 0 0 5 
Velocity Controller 3 0 0 3 1 1 1 0 0 0 9 
No Velocity Controller 1 0 0 1 2 2 2 0 0 0 8 
Tapered Wing 3 0 0 0 0 1 0 0 2 2 8 
Rectangular Wing 2 0 0 0 0 2 0 0 1 1 6 
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O Preliminary Design 
Analytical Methods and Tools 
0 
0 
A number of analytical methods were used at each step of the design process. Most of these methods 
involved the use of computer programs that are detailed below. 
"Airplane" Program 
The "Airplane" program is an aircraft design software package developed at Utah State University. It uses 
Prandtl' s lifting line theory to predict the induced drag and the downwash of all the elements on each other. 
Boundary layer theory is used to predict the parasitic drag on all the components. "Airplane" also accesses 
another program called "Airfoil" that uses potential flow panel methods to determine the characteristics of 
the chosen airfoil for the lifting surfaces. 
This program was used to iteratively modify the major parameters of the airplane design. At each step, the 
user can see how the design looks and study the aerodynamic and stability characteristics of the design. 
This program proved to be the major tool in sizing the various components and exploring various design 
tradeoffs. There are some limitations to this software that made it difficult to accurately model the design. 
For example, the program does not take into account landing gear and the fuselage can only be represented 
by circular, oval, or polygonal shapes. 
"Params" Program 
"Params" is a program developed by the design team to assist in the performance determination of the 
airplane at each step of the design process. "Params" uses data files of the lift and drag coefficients at 
varying angles of attack generated by the "Airplane" program. A CL vs. C0 curve is generated and the 
constant coefficients C00, Cow, and e are calculated with a least squares fit for the following 2nd-order 
relation: 
(I) 
where Coo is the drag coefficient at zero lift, CoLo is the drag slope at zero lift, and e, is the Oswald 
efficiency factor. These three coefficients effectively describe the lift versus drag characteristics of the 
airplane and are used throughout the programs "Params", "Mpeft'', and "Wind" for the various analyses. 
To account for the .effects of the landing gear neglected by the "Airplane" program, a typical landing gear 
was tested in the wind tunnel at Utah State University. The drag coefficient was determined and added to 
the Coo term for the analysis. 
Numerous parameters can be studied as a function of airspeed for the particular airplane design with the 
many plots "Params" easily generates. The performance plots menu from "Params" is shown in Figure 4. 
Some specific plots for the fmal airplane design are included in the Detail Design section. 
In addition, given the appropriate motor, speed control, propeller, and battery pack parameters, "Params" 
performs a detailed take-off analysis using a fourth-order Runge-Kutta method. The final and maybe most 
important analysis "Params" performs uses information from the energy consumption, minimum turning 
radius, and take-off analyses to generate a plot of the maximum number of laps the airplane can complete 
as a function of airspeed. 
0 
0 
Performance Plot Options: 
0. Return to Main Options 
1. Lift-to-drag ratio 
2. Thrust Required 
3. Power Required 
4. Minimum turning radius 
5. Motor/prop efficiency (at thrust required for airspeed) 
6. Thrust available (different air densities) 
7. Thrust available (different throttle settings) 
8. Thrust available with thrust required (different throttle settings) 
9. Power available (different air densities) 
10. Power available (different throttle settings) 
11. Power available with power required (different throttle settings 
12. Rate of climb (different air densities) 
13. Rate of climb (different throttle settings) 
14. Throttle setting required for steady, level flight 
15. Energy consumption rate at steady level flight 
16. Energy consumed per lap using minimum turning radius 
17. Energy consumed per lap (varying turning radii) 
--> 
Figure 4- Performance Plots menu of "Params" program. 
"Mpeff'' Program 
A detailed analysis of the power plant of the airplane was performed in order to select appropriate 
combinations for the electric motor, speed controller, battery pack, and propeller. "Mpeff', a program 
·. developed by the design team, was used extensively in this process. This program uses equations relating 
the various components derived from the simple schematic shown in Figure 5. 
Ib Eb 
Battery Speed 
Control 
Em 
Motor 
Figure 5-Schematic of Motor/Speed Control/Battery System 
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The power required to turn the propeller shaft and the thrust delivered by the propeller were calculated 
according to equations developed from limited empirical data gathered from Electric Motor Handbook 
written by Robert J. Boucher of Astroflight, Inc. These equations relate the propeller performance to its 
pitch and diameter. All the equations that "Mpetr' uses to describe this model are detailed in Appendix A. 
"Wind" Program 
The "Wind" program was developed to determine the effects of a head wind or crosswind on the airplane's 
performance. This program will be used at the competition to help the pilot know the optimum airspeed for 
the current wind conditions. Figure 6 shows the output capabilities of the program. 
Menu of Plot Options: 
1. Airspeed/Thrust 
2. Airspeed/Throttle 
3. Airspeed/Power Consumption 
4. Airspeed/Specific Range 
5. Airspeed/Specific 
Range/Wind speed 
6. Airspeed/Specific 
Range/Ground speed 
Figure 6-Menu of Plot Options of "Wind Program" 
"Analyse an Airfoil" Program 
The "Analyse an Airfoil" program was written by Martin Hepperle and posted on the Internet at 
http://beadecl.ea.bs.dlr.de/Airfoils/calcfoil.htm. This program uses a second-order vortex panel method to 
calculate the velocity profile of the airfoil and uses an integral boundary layer method to compute the drag 
over the airfoil. With this program, the characteristics of the chosen airfoil were studied to make sure it 
performs well at low Reynolds numbers ( ~400,000) and provides sufficient lift. Specifically, it calculates 
and plots the lift, drag, and quarter-chord moment coefficients as a function of angle of attack. From this, 
the lift slope, maximum lift coefficient and stall angle of the airfoil can be determined. This program was 
used to analyze some common airfoils and the results corresponded very well with the experimental data 
published in Theory ofWing Sections by Abbott and Von Doenhoff. 
Design Parameter and Sizing Selection 
Flight Speed 
One of the most critical decisions for this design was the selection of the best velocity to fly the airplane. 
Initially, it was decided to fly at a speed low enough to allow for ease oflanding and small turning radii. 
Also, the airplane should fly fast enough to get good efficiencies with the power plant. Based only on 
intuition, the airplane was initially designed to fly at 30 mph. For a given airplane design, there is an 
optimum airspeed that maximizes the lift-to-drag ratio and minimizes the thrust required. This airspeed is 
referred to as the minimum drag airspeed, V MD, or the best LID airspeed. The V MD and the drag at this 
airspeed can be closely approximated as follows: 
D . =2~ CDO w 
mm tr:eAR (2), (3) 
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Equation (2) indicates that the terms that can be varied .to adjust the minimum drag airspeed are the Oswald 
efficiency factor, e, the aspect ratio, AR, the weight, W, and the planform area, S. The air density, p, 
obviously cannot be controlled. VMD can be increased by decreasing the Oswald efficiency factor and the 
aspect ratio. However, as is shown equation (3), decreasing those parameters would in turn increase the 
drag which is undesirable. Also, it is counterproductive to design an airplane for anything other than 
minimum weight, so the only parameter that can really be adjusted to increase the minimum drag velocity is 
the wing planform area. 
The effects of varying wing planform area and airspeed were studied to discover ifthere is an optimum 
planform area and airspeed for a given design. The results of this analysis are shown below in Figure 7. 
This plot takes into consideration the course geometry, assuming the plane takes all turns at the minimum 
possible turning radius, and includes the variation of motor/prop efficiency with airspeed. From this plot, it 
is seen for a given planform area there is a corresponding optimal velocity which maximizes the number of 
possible laps. The shallow valley that becomes apparent at low planform areas is due to the transition 
between stall-limited and load-limited turns. Clearly, it is desirable to fly near the optimum airspeed to 
minimize the energy consumed per lap. 
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Figure 7-Number of Laps per W·h as a function of Airspeed and Planform Area 
The next concern was how the seven-minute time limit affects the choice of airspeed. Using the energy 
consumption analysis capabilities of"Params", Figure 8 was generated. The airplane would clearly run out 
of time before it would run out of battery power if flown at 30 mph. The airplane needed to be designed to 
fly efficiently at a much higher airspeed. From the time limited curve it can be seen that, even if the 
airplane had infinite energy, there is a limit to the number oflaps that could be completed in seven minutes. 
This maximum is due to the increasing minimum turning radius with increasing airspeed. At airspeeds 
above this maximum, any benefit of increased velocity is counteracted by an increase in distance around the 
course. 
0 
0 
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It can be seen from the plot that the airplane should fly ;:Lt least 70 mph to complete the maximum number 
oflaps in seven minutes. The planform area for the airplane designed to fly at 30 mph was about 11 fe. 
Thus, this value had to be reduced significantly to raise the minimum drag airspeed to an acceptable level 
and shift the energy limited curve to the right. 
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Figure 8-Maximum Number of Laps For Early Airplane Design 
Reducing Planform Area 
Many structural and manufacturing difficulties developed while reducing the wing area. To raise the 
minimum drag airspeed to 70 mph, the planform area would need to be reduced to approximately 1.85 ft2• 
This is not realistic for a number of reasons. An airplane with that planform area that can lift a 7.5 pound 
payload would be difficult, if not impossible, to design and build. The smallest the design team felt 
comfortable with was a wing area of 3.0 W. This corresponds to a VMD of about 53 mph which is much 
closer to the desired flight speed of 70 nip h. 
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Many design tradeoffs had to be made in reducing the planform area. The initial design called for an aspect 
ratio of about 18 which would increase the LID ratio of the airplane. In order to keep this aspect ratio, the 
mean chord length of the wing needed to be reduced to 4.9 in. The design team felt that this was too small 
to manufacture the precise dimensions of the airfoil. Therefore, the minimum mean chord length was set at 
6 in. This meant the aspect ratio of the main wing became 12.0 with a wing span of 6 feet. This resulted in 
some reductions in the LID ratio, but not enough to decrease the airplane's predicted performance by even 
one lap. 
Another parameter examined was the wing's taper ratio. According to calculations performed by the 
famous English aerodynamicist, Herman Gauert, a tapered wing is most efficient with a taper ratio of 
approximately 0.35 as shown in Figure 9 (Anderson). The lower the induced drag factor 8 is, the more 
efficient the wing is. The initial design had a taper ratio of0.35. However, maintaining this taper ratio 
required that the wing tip chord length be 3.1 in. Once again, the inability to manufacture a precise airfoil 
that small and the concern of wing tip stall in flight caused the design team to alter the taper ratio. A 
satisfactory compromise was achieved by setting the taper ratio at 0.5 which caused the wing tip chord 
length to be 4.0 in. and the wing root chord length to be 8.0 in. This taper ratio also provides structural 
benefits over an untapered wing by increasing the size of the root chord where the bending moment is 
maximum. Once again, the effects of this compromise were studied with the "Params" program, and still 
the airplane design's predicted number oflaps did not decrease by going with a less efficient taper ratio. 
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Figure 9-Induced Drag Factor o vs. Taper Ratio 
The location and size of the tail surfaces were determined using the "Airplane" program. The horizontal tail 
surface must be positioned and sized so that the airplane has no pitching moment about the center of 
gravity in flight. This moment is kept at zero by trimming the elevators in flight. In general, the further the 
tail is from the wing, the smaller it can be. The vertical tail surface was sized to be large enough to 
maintain yaw stability, but also as small as possible to reduce drag. 
Finally, the airfoil was selected to provide the airplane with the proper performance characteristics. This 
design is a low Reynolds number application (-500,000 at the wing root and -250,000 at the wing tip) and 
therefore an airfoil that performs well at these Reynolds numbers was selected. The empirical data of the 
Wartman FX63B airfoil indicates good performance at low Reynolds numbers. However, the designed lift 
coefficient at zero angle of attack for this airfoil is approximately 1.17. This airplane design does not need 
such a heavily cambered airfoil, so this airfoil was modified using a program at Utah State University 
called "Airfoil". The necessary lift coefficient at zero angle of attack to fly at 70 mph (1 03 ft/sec) and 
support the estimated weight of the airplane of 16 pounds was calculated with the following equation: 
c = w = 16lb = 0 44 
L tPV 2S t(o.002289slug/.ft 3 )(103.ft/sec)2 (3.0.ft) . 
(4) 
The thickness and camber distribution of the airfoil were maintained, and the maximum camber was altered 
so the designed lift coefficient at zero angle of attack was reduced to Q.52. This caused the lift coefficient of 
the whole airplane to be reduced to about 0.44 at zero angle of attack. A plot of the lift coefficient versus 
angle of attack is shown in Figure 10. This airfoil has a maximum lift coefficient of 1.53 with no flaps and 
1.90 with 25% of the chord flaps deflected just 5 degrees. A plot of this airfoil is shown in Figure 11. 
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Figure 11-Modified Wartman FX63B Airfoil Shape 
Summary of Key Features 
Wing 
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The primary structural component of the wing is a tapered box beam that extends from wing tip to wing tip 
with the thickest portion of the taper located in the center of the fuselage. Attached to the beam is a 
Styrofoam core which provides the overall shape and size of the wing. A thin sheeting of balsa wood is 
used to protect the Styrofoam core and provide a smooth contact surface for the Monokote. The purpose of 
the Monokote cover is to seal all imperfections on the surface of the wing and help maintain laminar flow. 
The airplane has a high wing design with a taper ratio of0.50. This taper ratio provides improved 
aerodynamic and structural characteristics over the non-tapered wing. The wing has a planform area of3.0 - - ·· 
ff with an aspect ratio of 12.0. The analysis indicated the airplane should be designed for a small planform 
area to increase the minimum drag airspeed. The minimum drag airspeed.for this design is 53 mph, but the 
actual flight speed for the competition will be around 70 mph in order to maximize the number oflaps. The 
airfoil selected for the wing is a modified Wartman FX63B with a designed lift coefficient of0.52 at zero 
angle of attack. Flaps will be used with the wing to allow for easier takeoff and landing. 
0 
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0 
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Fuselage 
Probably the most innovative aspect of this airplane is the fuselage design. The fuselage consists of a 
Styrofoam core in the shape of a symmetric airfoil which tapers outward to match up with the cambered 
airfoil of the wing. Two 3/32 inch plywood bulkheads will extend forward from the wing' s box beam and 
will provide the necessary support for the landing gear and the components. The steel payload and the 
avionics components including the batteries, receiver, servos, speed controller, and the motor will rest on or 
be attached to a structure supported by the bulkheads as shown in the drawing 6 in Appendix C. The entire 
fuselage will be sheeted with balsa wood and covered with Monokote. 
Tail Surfaces 
A carbon fiber tube will extend from the wing's box beam near the center of the fuselage to the tail of the 
airplane and attach to the horizontal and vertical tail surfaces. The tail surfaces will also be constructed out 
of a symmetric airfoil-shaped Styrofoam core covered with balsa sheeting and Monokote. However, no 
support beams will be used, because the loads on these surfaces are not near the loads on the wings. The 
horizontal surface will be an all-flying tail which eliminates the need to construct elevator surfaces. 
Landing Gear 
The landing gear configuration will consist of standard Hallco-brand Temper-Lock landing gear attached to 
the fuselage in front of the center of gravity and a small wheel placed on the rudder. This wheel will 
provide greater steering capabilities at slower speeds on the runway. To minimize the drag, typical racing 
wheels will be used on the landing gear. 
Power Plant 
A conventional brush motor system has been selected for this design despite the possible improved 
efficiency from using a brushless motor. The brushless motor system will only improve performance by one 
lap, but costs nearly twice as much. 
Airspeed Controller 
The maximum range of any airplane design is significantly affected by flying at the proper airspeed. Even 
the most experienced pilot can not accurately gage the airspeed by just watching the airplane fly. Therefore, 
a airspeed controller system has been design that will measure the airspeed and allow the pilot to adjust the 
speed to fly at optimum efficiency. 
0 
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Detail Design 
Final Performance Data 
Takeoff Performance 
One of the main constraints of this design problem is the takeoff distance. The airplane must start from 
rest, takeoff, and clear a six-foot-high barrier within 300 feet. The governing equation is simply Newton's 
second law including thrust, drag, and rolling friction forces. This second-order differential equation was 
numerically integrated until the lift equaled the weight, as shown in Figure 12, using a fourth-order Runge-
Kutta method as detailed in Appendix B. The thrust, drag, and rolling friction forces are plotted as a 
function of velocity in Figure 13. 
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Figure 12-Lift Force and Weight vs. Velocity 
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Figure 13-Thrust, Drag, and Rolling Friction Forces vs. Velocity 
After finding the distance until the airplane lifts off the ground, the rate of climb was calculated. The 
remaining distance needed to clear the ribbon was determined using the rate of climb. The values calculated 
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from this analysis are included in the power plant component selection section later. The analysis indicates 
that the airplane will just takeoff within the 3 00 feetwithout the use of flaps, but will easily takeoff with 
the use of flaps. 
Handling Qualities 
The airplane's handling qualities are measured by its stability characteristics in pitch, yaw, and roll and by 
how well the control surfaces are able to maneuver the airplane. 
Stability Characteristics 
The three restoring moments about the center of gravity cause the airplane to return to equilibrium after it 
has been disturbed by an outside force. To determine whether or not an airplane is stable in these three 
directions, the slope of the moment with respect to angle of attack or sideslip angle must be analyzed. The 
stability characteristics for this design are summarized in Table 3. 
Also, the degree of pitch stability is measured by the stick fixed static margin, which is defined as the 
distance between the airplane's neutral point and center of gravity divided by the mean chord length of the 
wing. This value is then converted to a percentage. 
X -X 
NP CG X 100= S.M.% 
c 
(5) 
The static margin for any airplane should be at least 10%. For this airplane, it is 25.0% 
Table 3-Stability Characteristics 
Requirement 
for slope of 
Stability moment Good Range Upper Limit Actual Value 
Characteristic coefficient (deg-1) (deg-1) (deg-1) 
Pitch 
dCm 
-0.0263 
--<0 - -da 
Roll 
acu 
dfJ <0 -0.001 to -0.002 -0.004 -0.00133 
Yaw 
dC1n 0.0015 to 0.0020 0.00185 -->0 -dp 
The pitching moment coefficient as a function of angle of attack is shown in Figure 14 and the rolling and 
yaw moment coefficients as a function of sideslip angle for the design are shown in Figure 14 and Figure 
15. 
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Figure 14-Pitching Moment vs. Angle of Attack 
0.005 
0 - 0.000 
-0.005 
·0.010 
-0.015 
-10 -5 0 10 
Sideslipe Angle (deg) 
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Figure 16-)'awing Moment Coefficient vs. Sideslip Angle 
Control Surface Sizing 
The ailerons were initially sized using the "rules of thumb" from Design & Build your own RIC Aircraft. 
The book indicates that the ailerons should be 12% of the wing area. Since this airplane design has a large 
0 
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load of steel that increases the moment ofihertia, 16% of the total wing area will be ailerons. The 
"Airplane" program was used to calculate how much deflection would be necessary for ailerons of this size. 
According to Perkins and Hage, for general aviation aircraft, the dimensionless roll rate should be greater 
than 0.07 for adequate roll control as shown in the equation 6 (Perkins and Hage): 
OJ b 
_!.E}j__ > 0 07 2V - . 
a 
where ro is the roll rate, b is the wing span, and Va is the airspeed. For this design, the ailerons must be 
deflected 17.5 degrees to produce a dimensionless roll rate of0.07. 
(6) 
The "rules of thumb" indicate that the rudder should be 30% to 50% of the vertical fm area. The book 
recommends 30% be used if the airplane has a high wing. However, the rudder was sized at 40% to 
compensate for the extra control needed to counteract the 7.5 pound payload. The airplane will have a all-
flying tail and, therefore, the elevator sizing is not relevant to this design. 
Range and Endurance 
The range, in terms of number oflaps the airplane can complete, is calculated with "Params". As long as 
the other necessary design requirements are met, the maximum number of laps is the most important design 
parameter. The design team used this performance determination as a tool for making decisions throughout 
the process. Depending on the speed the airplane flies, the range can be limited by the seven-minute time 
constraint or by available energy in the battery. 
This analysis deducts the energy consumed in takeoff, reaching the flying altitude, and completing the first 
lap with the two 360 degree turns from the total available battery energy. The remaining energy is then 
used to calculate the number of possible laps as airspeed is varied. 
The maximum number of laps for the airplane design using the A veox brushless motor with a 9x 10 
propeller is shown in Figure 17. The airplane will run out of time before battery power if flown at airspeeds 
less than 80 mph and will run out of battery power before time for airspeeds faster than that. The airplane 
should be able to complete 22laps if flown between 76 and 81 mph. 
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Figure 17-Maximum Number of Laps for Final Design Using Brushless Motor 
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The maximum number of laps for the airplane design, using the Astroflight brush motor with a 1 Ox11 
propeller is shown in Figure 18. The design is time limited up to about 71 mph and energy limited at speeds 
higher than that. If the plane flies between 67 and 75 mph, it should be able to complete 21 laps. 
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Figure 18-Maximum Number of Laps for Final Design Using Brush Motor 
G-load Capability 
The competition rules state that before flying in the competition the airplane must be able to be lifted by its 
wing tips without failure simulating a 2.5g load case. Therefore, at minimum, the plane must be able to 
withstand a 2.5g maneuver. However, as is shown by the plot in Figure 19, by increasing the positive load 
limit, the airplane can increase the number of laps it can complete in the time limit. 
24.--------------------------------------, I 
I 
22 ~ ::: . · -
20 l~ . 
Q) 
:0 
·u; 18 
"' 0 c.. 
~ 16 
ro 
...J 
14 
! . . 
- Load Limit= 2.0 
-2.5 
-3.0 
3.5 
-4.0 I 
l 
·! 
. . ·: 
· . energy .firmed region I 
;__;,_.....;:.;..~~_,_~ \ · .:: (loadiimitedtums) ·: \ . \:·.r< ·j 
·energy firmed region .. . . ' \~, ::· . . ·I 
· .{stall limited tums) : : :.. : .. , 
12 : tim!! limite!~ region: . j 
40 50 60 70 80 90 100 110 
Airspeed (mph) 
Figure 19-Maximum Number of Laps Varying the Positive Load Limit 
The calculations for this plot were made assuming the airplane is turning at its minimum possible turning 
radius. Up to a certain airspeed, the minimum possible turning radius is limited by wing stall and above 
that airspeed, it is limited by the positive load limit of the airplane. By increasing the strength of the wing, 
the airplane can spend less time and distance on the turns and therefore increase the number of completed 
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laps in seven minutes. As is seen by the p1ot, increasing. the positive load limit beyond 3.5g gives little to no 
benefit. This is because the minimum turning radius is stall-limited before it is strength-limited. Therefore, 
this airplane was designed to withstand a 3.5g load case. 
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The tapered box beam in the wing is the primary structural member that must withstand the 3.5g load. To 
test for this strength, a full scale tapered beam that measures half the span ofthe wing was constructed. 
Also, a Styrofoam wing covered with balsa wood and Monokote sheeting without an internal beam was 
constructed to determine the deflections that the sheeting could withstand without buckling. The root end of 
the wing and the root end of the beam were fixed in a cantilevered arrangement and a load was applied to 
the free end. An analysis of a simply supported beam indicates that a 3.5g load can be simulated if87.5% 
of the total weight of the airplane is applied to each wing tip. Using a conservative weight of 16 lb. it was 
determined that each wing would have to support 14 lb. In Figure 20, a plot of the tip load versus the 
deflection indicates that within the safe deflection of the sheeting, the beam itself will have a safety factor 
of about 2.5. When the strength ofthe sheeting is added, the safety factor is nearly three. 
Payload Fraction 
At this stage of the design process the weight of the plane is estimated to be 14.77 pounds, which is less 
than the original estimate of 16 pounds. This makes the weight of the payload to the total weight ratio .508 
or 50.8%. The weight of the payload to the dry weight of the airplane 1.032 or 103.2%. Therefore, the 
payload is over half of the total weight of the aircraft. A more detailed weight analysis is shown in Table 4. 
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Table 4-WeightSummary 
Airframe Structure: 
Fuselage 
Landing Gear 
Tail 
Tail Tube 
Wings 
Internal Components and Payload: 
Motor 
Motor Batteries 
Motor Speed Control 
Propeller & Spinner 
Push Rods 
Receiver & Servo Package 
Steel Payload 
Subtotal: 
Velocity Controller & Pitot Tube 
Subtotal: 
Other Performance Plots 
0.92 lb. 
0.6 lb. 
0.32 lb. 
0.08 lb. 
0.85 lb. 
2.77 lb. 
0.75 lb. 
2.5 lb. 
0.06 lb. 
0.18 lb. 
0.06 lb. 
0.8 lb. 
7.5 lb. 
0.15 lb. 
12 lb. 
Using "Params" a number of other performance predictions can be made. The lift-to-drag ratio is plotted 
vs. airspeed for three different altitudes in Figure 21. Note that the maximum for LID occurs at the 
minimum drag velocity of 53 mph at Wichita's altitude, as is expected. 
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Figure 21-L/D ratio vs. Airspeed 
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Figure 22 shows the thrust required and the thrust available using the brush motor with 1 Oxll propeller for 
throttle settings of 0.4, 0.5, 0.6, and 0. 7 as a function of airspeed. The airplane will fly at the airspeed 
corresponding to the intersection of the thrust required and thrust available curves for a given throttle 
setting. 
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Figure 22-Thrust Available and Thrust Required 
The throttle setting required for steady, level flight using the brush motor and lOxll propeller is pl'otted for 
varying airspeeds for three different altitudes in Figure 23. Flying at 70 mph will require a throttle setting 
of about 0.535. 
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Figure 23-Required Throttle Setting for Steady, Level Flight 
The minimum turning radius for this design is shown in Figure 24 as a function of airspeed for three 
different altitudes using a positive load limit of3.5. For the left-hand section of each curve, the turning 
radius is limited by wing stall. For the right-hand section of each curve, the turning radius is limited by the 
strength or positive load limit of the airplane. 
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Figure 24-Minimum Turning Radius vs. Airspeed 
The rate of climb at Wichita's altitude for various throttle settings using the brush motor is shown in Figure 
25. 
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Figure 25-Rate of Climb vs. Airspeed 
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The energy consumption rate in steady, level flight for three different altitudes is shown in Figure 26. The 
minimum occurs at an airspeed slightly higher than the minimum drag airspeed. This is due to the fact that 
the power plant efficiency increases with airspeed. 
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Figure 26-Energy Consumption Rate vs. Airspeed 
A more useful plot, the energy consumption per lap, is shown in Figure 27. Note that it is not always most 
efficient to take turns at the minimum turning radius. This is because for sharper turning radii, the wings 
must generate more lift. This extra lift causes a significant increase in the induced drag. Also, the most 
efficient airspeed is less than the minimum drag airspeed. This is due to the fact that the turning radius 
increases with velocity and therefore more energy is required to travel the extra distance necessary for 
higher airspeeds on the turns. 
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Figure 27-Energy Consumption Per Lap vs. Airspeed 
The "Wind" program allowed the team to analyze the effects of a head wind, tail wind, or crosswind on the 
specific range or optimum airspeed. Figure 28 is a plot of the specific range of this design as a function of 
airspeed and headwind over the range of wind speeds permissible at the competition. 
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Figure 28-Speci:fic Range vs. Airspeed and Wind Conditions 
Power Plant Component Selection 
The "Mpeff" program was used to determine the most efficient motor, propeller, and battery pack 
combinations for the design. The "Mpeff'' program uses information generated by the "Airplane" program 
about the design's aerodynamic characteristics and automatically studies the efficiencies of every 
reasonable motor/propeller combination for a range of airspeeds. The power plant combinations 
investigated included 24 Aveox brushless motors and 10 Astro:flight brush motors using every reasonable 
propeller from 4 to 16 inches in diameter. 
"Mpeff'' helped the team determine that a battery pack of about 20 cells is necessary to provide enough 
power for takeoff. However, exceeding this number of cells by too much requires the motors and speed 
controls run outside of their safe operating ranges. The battery pack selected includes I9 I.2V Sanyo RC-
2300 NiCad cells with a capacity of2300 mAh per cell. This battery pack will provide 52.44 Watt-hours 
of energy. The calculations demonstrated that this 22.8 Volt battery pack would provide the needed power 
for takeoff. Many other battery pack configurations were investigated, but this chosen combination 
provided the most energy in 2.5 pounds for battery packs with approximately 20 cells. 
The "Mpeff'' program was used to narrow the selection of power plant combinations. Both a combination 
using an A veox brushless motor and speed control and a combination using an Astro:flight brush motor was 
determined that meet the design requirements for this airplane. The cost of the brushless motor and speed 
control is $368. The cost of the brush motor and speed control is just over half that at $190. The 
performance of both systems was evaluated and as shown in Figures II and 12, the airplane can complete 
22 laps with the brushless combination and 2I laps with the brush motor combination. The design team did 
not feel that one extra lap could justify the extra $178, so the brush motor system was chosen. 
"Mpeff'' performs a rough take-off analysis and eliminates the combinations that do not provide.sufficient 
power for take-off. The overall efficiencies of the remaining motor, speed control, propeller, and battery 
pack combinations were studied over a range of airspeeds and "Mpeff'' determined the motor/propeller 
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combinations that provide the best efficiencies. In addition, the current levels of the remaining possible 
combinations were examined to make sure the maximum current limitations specified by the manufacturer 
are not exceeded. 
The best combinations, as determined by "Mpeff," were then run through the more thorough takeoff 
analysis in "Params" to make sure that they can actually lift off in the required distance. The best 
Astroflight motor for this airplane is the 625G motor with a 1.63:1 gear ratio with a IOxll propeller which 
gives an overall efficiency of 58.1 %. This motor/propeller combination can takeoff in 260 feet without 
flaps and in 210 feet with flaps deflected at 5 degrees. The maximum current for this combination is 40.5 
amps which is slightly above the maximum current rating of 35 amps for this motor. However, the current 
will only exceed this limit briefly during takeoff, so there should not be any problem. The motor current 
during steady flight at 70 mph is only 16.4 amps. The best speed controller for this motor and battery pack 
is Astroflight' s model 210. This has a maximum current rating of 45 amps and can handle up to 19 NiCad 
cells. This motor will also work well with 10xl2, 11xll, and llx12 propellers. The power plant 
efficiencies for this combination with all four propellers are shown in Figure 29. 
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Figure 29-Power Plant Efficiency vs. Airspeed for four propellers 
Airspeed Controller Interfacing 
The design decided upon after several iterations can be separated into two components: airborne controls 
and the ground station. 
Airborne Controls 
Pitot tube pressure transducer: The pitot tube is mounted on the tip of the wing, well outside of the 
propeller wash, sampling both the stagnation and static pressure. These values are fed to a pressure 
transducer that interprets the pressure difference between the two flows as an airspeed for the airplane. 
This is done using Bernoulli's principle for fluid flow. 
Circuitry for Velocity Controlled Flight CVCF): The key to understanding how the airspeed controller 
works is how the PCM receiver interprets the signal sent by the radio controller. The signal is a simple 
square wave that repeats itself every 16 ms. The Spike lasts from 1 to 2 ms as shown in Figure 30. A 
throttle setting of 0% is indicated by a spike 1 ms long and throttle of 1 00% is indicated by a spike 2 ms 
long. Other throttle settings are just linear functions of these values. Once this signal is received, it is 
redirected in two directions. (See Figure 31 ). The first path is used as a timing or triggering signal for 
other chips. The second is passed through a pulse width signal to a volts DC converter, which allows 
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the signal to be interpreted by a comparitor (OP-Amp) chip as a desired airspeed. The comparitor 
checks this value against the measured airspeed input from the pitot tube pressure transducer sensor. 
The output is in volts DC, representing a needed motor speed. This voltage is then converted back into 
a pulse width signal and feed into a solid state relay which decides between this signal or one of two 
override signals. 
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-
Figure 30-PCM Signal Diagram 
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Ground Station 
Laptop computer with control software: The computer software collects input from the wind monitor. Then 
based on the planes parasitic and induced drag coefficients, the "wind" program, developed by the 
team, compares ground speed to airspeed and returns what the needed airspeed should be to maximize 
the airplane's specific range. 
Wind direction and speed monitor: This equipment is on loan from Campbell Scientific of Logan, Utah. 
This sensor samples current wind conditions and communicates them to the lap top software. The 
ability to sample existing wind conditions gives the airplane the capacity to dynamically adjust its 
airspeed for maximum specific range. 
Standard Radio Controller: Throttle settings between 5% and 95% will be the input for the VCF on board 
the airplane. It will be interpreted as a desired airspeed. The switch on the controller, reserved for 
retractable landing gear, will be used to arm and manually override the system. 
Circuitry for manual over-ride switch CMOS): Between 0-5% and 95-100% throttle, a threshold sensor 
detects a spike of 1 or 2 ms, and tells the relay to select this original signal. Otherwise, the modified 
signal will be selected. An OR gate is placed after the threshold sensor, where it will tell the relay to 
always select the unadaptedcsignal if the MOS switch is off. If the switch is on it will tell the relay to 
select the modified signal added to the restrictions that were previously stated. 
LED read out of selected airspeed: A PCM receiver is used to intercept the current throttle position and 
relays the signal to a pulse width to volts DC converter chip which translates the received signal into 
the input required for an LED driver and display chip. This read out can then be visually compared to 
the value calculated by computer software as the airplanes maximum specific range airspeed. 
Drawing Package 
Figure 32-The Airplane 
The airplane design was modeled using the SDRC Ideas software package. This program was chosen 
because it allowed creation of a true 3D model which could be used for fuselage layout as well as center of 
gravity and moment of inertia analyses. Figure 32 shows a picture of the completed airplane design. 
Detailed drawings of the airplane's overall dimensions and fuselage component layout are contained in 
Appendix C. 
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0 Manufacturing Plan 
Wing Construction 
Beam 
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The manufacturing process for the carbon fiber composite box beam in the wing began with the laying up 
of the fiber composite laminates. Unidirectional pre-preg carbon fiber material was selected for the 
construction of the beam. The pre-preg material and the facilities to lay up the carbon fiber sheet are 
readily available at Utah State University, which made possible the construction and use of the fiber 
composite material. A large sheet of the carbon fiber composite material was laid up and the carbon fiber 
runners for the beam were cut to exact dimensions. The laminae were laid up as shown in Figure 33, with 
orientations calculated to oppose the stresses that the beam will experience. The majority of the plies are 
oriented in the longitudinal direction to compensate for the large bending moment on the wing. The 
composite sheet was laid up with an effort to maintain cleanliness and was then vacuum packed to remove 
voids in the material. Both of these efforts helped to increase the strength of the fiber composite material. 
After the composite was laid up, it was cured in a large oven. 
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Figure 33 - Orientation ofPre-preg Composite Laminae 
Using a circular saw and a blade designed to cut ceramic materials, the composite sheet was cut into one-
half inch wide strips. These strips were then cut to the proper lengths for the construction of the beam for 
the wing. The best adhesive found to attach the composite material to the aircraft plywood webbing is 
epoxy. Jet Instant glue, which is popular among modelers, was also tried but it did not perform well with 
the composite runners and was hard to work with. The difficulties encountered with the construction of the 
first prototype box beam demonstrated the value of using a jig. The box beam was not completely square 
and when the beam was tested, there was significant twist. A wood jig was designed, constructed, and 
placed inside the beam while it was being assembled to ensure good tolerances. The jig was wrapped in 
wax paper to allow the jig to be removed after the adhesive finished curing. The epoxy used with the 
composite beam needs an extended amount of time to cure. To hold the components of the beam in place 
while the epoxy cured, elastic bands were wrapped ·around the beam. 
At the center of the beam, a balsa wood member will be constructed to fill the hollow box portion of the 
beam located in the fuselage. This will create a solid section to attach the fuselage beam to the wing beam. 
Foam Core 
Surrounding the beam in the wing is a foam core that gives the wing its airfoil shape. An alternative 
construction technique was investigated that used balsa wood airfoil shaped ribs covered by Monokote, as 
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shown in Appendix E. The balsa rib concept was eliminated because of the irregular surface that the ribs 
create in the Monokote. The irregular surface would degrade the aerodynamic performance of the wing. 
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A low density polystyrene was selected to minimize weight. The foam for the wings was cut using a hot 
wire cutter according to the following sequence. First, an outline of the planform area of the wing was cut 
from the Styrofoam. Then, a one-half inch portion was cut out of the Styrofoam to allow room for the main 
support beam. Next, the flaps and ailerons were cut out and left in the main foam block. Finally, the airfoil 
shape was cut out using airfoil templates attached to the Styrofoam. This procedure allowed for clean and 
accurate cuts on all portions of the wing. The scrap Styrofoam pieces that surrounded the cutout airfoil 
shape were saved for future use. 
The airfoil templates for the Styrofoam were originally cut from scrap pieces of balsa and plywood. This 
proved to be insufficient for several reasons. First the wood templates were difficult to construct to high 
tolerances. This was a particular problem as the size of the airfoils decreased, particularly at the wing tips. 
The wood was not an ideal surface to run the wire cutter along because the wire hangs up on the wood 
causing a poor surface finish on the Styrofoam. To counter these problems, aluminum airfoil templates 
were machined using a CNC mill which achieved excellent tolerances and gave a smooth surface for the 
wire to run across. 
After the Styrofoam was cut to the proper shape, it was attached to the beam and made ready for 
application of balsa sheeting and Monokote. The construction of the plane has been completed to this point. 
The remaining procedures are detailed as follows. 
Balsa/Monokote Sheeting 
The sheeting on the wing is primarily to create a smooth surface which will allow the airflow to remain 
laminar as long as possible. Secondary purposes of the sheeting include protecting the Styrofoam and 
adding strength to the wing. 
The sheeting that will be used is 1132-inch thick balsa. The sheeting will be wrapped around the wing with 
the grain of the balsa lined up with the longitudinal dir_ection of the leading edge ofthe wing. 3M Spray 
Adhesive will be used to attach the balsa to the Styrofoam and beam assembly. To hold the balsa securely 
in place while the adhesive sets up, the scrap pieces of Styrofoam saved from the airfoil cutting process will 
be fastened around the balsa wood and wing assembly. Monokote will be applied to the balsa wood 
sheeting using a custom sealing iron to create a smooth, aerodynamic surface. 
Control Surfaces 
The control surfaces will be made of a foam core with balsa sheeting and Monokote covering similar to the 
wing. The foam core will be the section of foam cut out from the wing as mentioned previously. It will then 
be sheeted with 1/32 inch balsa, and covered with Monokote. The control surfaces will then be placed back 
into position and will be hinged to the wing. The control surface hinges will be attached to a plywood airfoil 
section that extends from the wing beam to the trailing edge of the wing on each side of the control surface. 
The servos for the ailerons will be in each wing and push rods will run to the aileron to control it. The servo 
for the flaps will be inside the fuselage and the push rods will be directed to the flaps through the wing. 
Fuselage Construction 
Frame 
Due to the ease of construction and the cost of materials, the fuselage will be constructed similarly to the 
wing. The fuselage will be uniquely shaped and constructed to increase the aerodynamic performance. The 
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shape of the fuselage will be a symmetric airfoil which transitions smoothly on both sides to the cambered 
airfoil used for the wing. Fallowing the same hot wire method outlined in the wing section, the fuselage will 
be cut out of foam and glued with 3M Spray Adhesive to the wing beam. The electronic components and 
payload will be carried in a section defined by two airfoil-shaped bulkheads placed five inches apart inside 
the fuselage as shown in the drawing 6 in Appendix C. These bulkheads will be cut from 3/32 inch aircraft 
plywood and will be the main support structure for all of the components. Wooden dowel stretchers extend 
between the two bulkheads providing a shelf-like structure to which the majority of components will be 
attached. Most of the components will be attached by conventional means. However, the motor batteries 
will be attached with Velcro to allow the batteries to be moved easily to adjust the center of gravity 
I . ( ocatwn. 
Hatches 
The fuselage will have a hatches that open from the top and bottom to provide access to the payload and 
electronic components of the plane. The hatches will be cut out of the foam and coated with balsa. They 
will then be placed in the proper position in the fuselage. The entire fuselage will then be coated in 
Monokote. The Monokote will be cut along the sides and back of the hatches. This will leave one side for a 
hinge. When the hatches are closed they will be taped down along the cut portion ofMonokote. 
Motor Mount 
The motor mount will be attached to the bulkheads in the fuselage. The motor will be connected to the 
bulkheads by thin carbon fiber composite tubes. There are two spars that run up next to the motor and the 
motor will be connected to the spars using two hose clamps. The composite tubes were tested to determine 
their material properties. Using these material properties, an analysis on the motor mount was done which 
indicated that the stresses within the composite tubes would be well within safe limits. Perhaps more 
importantly, the deflection that the motor mount will experience as a result ofthe thrust force will be 
extremely small. This will ensure that the direction of thrust will remain constant in relation to the 
orientation of the airplane. Overall, this design is light-weight, simple to construct, inexpensive, and allows 
motors of various dimensions to be used. 
Beam to Tail 
To connect the tail to the fuselage, there is a 0.505-inch composite tube that will run from the beam in the 
wing to the tail of the plane. The tube will mount directly to the beam running through th.e wings using a 
PVC bracket centered in the fuselage. The tube will run back to the tail which will be 26 inches from the 
beam. The vertical and horizontal surfaces of the tail will attach to the tube with an aluminum mounting 
bracket. The composite tube is the ideal selection because it is light, strong, and will allow the push rods 
from the servos in the fuselage to run inside of the tube to the tail control surfaces. Additionally, the 
composite tubes are readily available for only seven dollars from a kite hobby shop. 
Landing Gear 
The main landing gear selected was Hallco-brand Temper-Lock Landing Gear model HALQ2130. The 
maximum airplane weight for this landing gear as specified by the manufacturer is 10.0 pounds. This 
design exceeds that by nearly five pounds, so the landing gear was modeled using SDRC Ideas and a finite 
element analysis was performed. The analysis showed that the stresses incurred during a moderate landing 
are well below the yield strength of the heat-treated aluminum alloy landing gear. The weight limitations 
specified by the manufacturer obviously include a safety factor and are designed to withstand a lifetime of 
hard landings. The landing gear for this application only needs to withstand a few weeks of testing and the 
competition. To improve the aerodynamic properties of the landing gear the leading and trailing edges will 
be ground to a more streamlined shape. A small tail-dragger wheel will be attached to the rudder of the 
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airplane. The small wheel was selected over a wire since the wheel will allow easier maneuverability on the 
ground. 
Tail Construction 
Based on the information and experience gained during the analysis and construction of the wing, both the 
horizontal and vertical tail surfaces will have a foam ·core covered with 1/32 inch balsa sheeting and 
Monokote. Because the loads on these surfaces are not as high as those placed on the wing, these surfaces 
will not have a main support beam. 
The horizontal surface will be all flying, with a pivot point located at its quarter-chord. This type of surface 
was chosen primarily for its ease of construction, reduction in weight, and low material cost. A push rod 
will run from a servo in the fuselage to a lever arm on a wooden dowel that will provide the torque needed 
to move the surface. The dowel transfers the torque to a rectangular piece of balsa wood glued into the 
foam of the horizontal surface. The dowel pivots in an aluminum bracket that will be attached to the 
fuselage-to-tail tube. Bearings and lubrication will be used to allow the dowel to rotate smoothly without 
binding. 
The vertical surface will attach to the fuselage-to-tail tube with an aluminum bracket. A 90° triangle will be 
used to ensure the proper alignment between the horizontal and vertical surface. The control surface will be 
constructed the same manner as the wing control surfaces. The servo for the rudder will be inside the 
fuselage and a push rod will run from the fuselage through the composite tube to the rudder. Monokote will 
act as a hinge and will attach the rudder to the vertical stabilizer. 
Cost of Designed Airplane 
Considerable consideration was given to reducing the cost of the airplane throughout the design process. As 
much as possible, the design team tried to develop a low-cost design in terms of materials used and 
manufacturing processes. A detailed breakdown of the costs of the individual components in the final 
design is shown in Table 5. All costs are based on manufacturer's suggested retail prices (MSRP). 
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c Table 5-Manufac_turing Cost Analysis Airframe Structure: MSRP 
Aircraft Plywood 1/32" 16.00 
Aircraft Plywood 3/32" 10.95 
Balsa Wood Sheeting 1132" 17.50 
Balsa Wood Supports 3.50 
Carbon Fiber Prepreg 25.95 
Carbon Fiber Tail Tube 7.00 
Hard Wood Dowels 3/16" & 1/4" 0.75 
Hinges 1.50 
Landing Gear Mount 9.00 
Monokote 36.00 
Motor Support Clamps 0.80 
Plastic Bolts & Nuts 3/8" 4.00 
Scotch Tape 1.29 
Styrofoam 15.75 
Tail Gear 3.00 
Tail Tube Support Bracket 1.89 
Tail Tube Support Clamps 0.80 
Wheels & Collars 2.00 
Wing Tip Skids 0.59 
Subtotal: 158.27 
Internal ComJ!onents and Payload: 
0 Motor 125.00 Motor Batteries 150.00 
Propeller & Spinner 11.20 
Push Rods 2.75 
Radio & Receiver Package 350.00 
Speed Controller 65.00 
Steel Payload 3.83 
Subtotal: 707.78 
Construction SUJ!J!lies: 
Aluminum Templates 1.95 
Balsa Filler 3.89 
Epoxy 9.95 
Glue Accelerant 5.29 
Masking Tape 0.79 
Rubber Bands 1.98 
Spray Glue 4.11 
Wood Glue 10.49 
Wood Jigs 5.00 
Subtotal: 43.45 
Total: $909.50 
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Manufacturing Milestone Chart 
The schedules event timings are detailed below in Figure 34. 
ID Task Name 
Bwd and Test Prototype Wing Beams 
Bwd Fmal Wmg Beam 
Bwd and Test Prototype Wings 
BwdFma!Wmg 
Construct Fmelage Section 
Mount Components in Fuselage 
8 Assemble and Mount Landing Gear 
9 Test Fmelage Struclurlll Member and Mounting 
Mount Fuselage Struclurlll Member 
Bwd Horizontal and Vetticsl Tsil Sections 
Tail Control Surfaces 
Mount Tsil to Fuselage Struclurlll Member 
Figure 34-Manufacturing Milestone Chart 
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Q Appendix A--Equations Relating to Power Plant 
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Figure 35-Schematic of Motor/Speed Control/Battery System 
The following mathematical relationships for the motor, speed control, and battery are utilized in the 
"Mpeff' program. Voltage and Current values in equations are labeled on schematic above. 
Motor: 
Shaft rotational speed (rpm): 
n= Kv (Em -lmRm) 
Gr 
Output torque of motor shaft (ft-lbf): 
T = 7.0432Gr (I _I ) 
q K m o 
v 
where: 
Kv = motor voltage constant 
(rpm/volt) 
Gr =gear ratio of the motor 
Rm = internal resistance of the motor 
Speed Control: 
Ib =rim 
Em= rJsrEb- ImRc 
Speed control efficiency: 
1ls = 1- 0.078{1- r) 
where: 
't = throttle setting (0 to 1) 
Battery Pack: 
Eb =Eo -Rbim 
where: 
Rb = internal resistance of the battery pack 
The power required to turn the propeller shaft and the thrust delivered by the propeller were calculated 
according the equations that follow. These equations relate the propeller performance to its pitch and 
diameter. They were developed from limited empirical data gathered from Electric Motor Handbook 
written by Robert J. Boucher of Astroflight, Inc. 
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Propeller: 
Thrust available: 
TA = Crpn2d4 
Break power required: 
pb = CPpn3ds 
Torque required: 
c T = __!!_ pn2 ds 
q . 27l 
Propeller efficiency: 
CTo = 
TAVa 
7] =--
p P. 
b 
0.4077 p- 0.36625(p) 
2
; p ~ 0.40 
d d d 
0.0586 + 0.1147 p; p;::: 0.40 
d d 
Advance ratio: 
J= va 
nd 
Thrust Coefficient: 
Cr = Cro - CTJJ 
Power Coefficient: 
CP =Cpa +Cpi 
0524185-1.72181 P + 1.7894o(P)
2
; P ~ o.46 
d d d 
0.142503-0.0760669 p + 0.0154988(p)
2
; p;::: 0.46 
d d d 
cpo = 0.00868 + 0.00450(~) 2 + 0.01643(~- J) 2 
Cpi =fCr(J +~J2 +~Cr) 
where: 
p =air density 
p = propeller pitch 
d = propeller diameter 
Va = airspeed 
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Appendix 8-Takeoff Analysis 
The governing equation for the takeoff analysis is simply Newton's second law. This equation is 
represented by the following pair of :first order differential equations for the velocity, Va, and distance 
traveled, x: 
dVa =~(T -D-F) 
df W 0 r 
dx =V 
dt a 
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where g is the gravitational constant, W is the weight, T a is the thrust available, D is the drag, and Fr is the 
rolling friction force. 
The thrust available, T a, as a function of velocity for this airplane using the Astroflight 6250 motor with a 
IOxll propeller is shown in Figure 36 below. A polynomial expression for Tawas generated from a least 
squares fit of this plot. 
'lil 
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Figure 36-Thrust Available vs. Airspeed 
The induced drag on the airplane during takeoff is reduced because the trailing vortices interact with the 
ground. An empirical correlation factor is included and the relationship for drag is: 
1 2 { (16h I b) 2 ) ( Ci JJ D-- V C + C C +--
- 2 p a DO 1 + { 16h I b} 2 DLO L treAR -
where h is the height of the wing above the ground and b is the wingspan. 
The rolling friction force is calculated according to: 
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0 where Jlr is the coefficient of rolling friction. The design team performed experiments on a surface similar 
to a typical runway with a typical landing gear apparatus and determined that this coefficient is 
approximately 0.08. 
0 
The lift coefficient was assumed to be reasonably constant and it was assigned a value of 70% of the 
maximum lift coefficient at stall. The chosen airfoil has a maximum lift coefficient of 1.53 with no flap 
deflection and 1.90 with only 5 degrees flap deflection. The liftoff velocity, Vw, is the airspeed that the lift 
just equals the weight for this value of the lift coefficient. 
.J2 ~WIS Vw= --~0.7CLmax p 
"Params" performs a fourth-order Runge-Kutta integration using the pair of first order, ordinary 
differential equations for velocity and distance shown above. Using the initial conditions ofVa(O)=O and 
x(O)=O, these two equations were numerically integrated until the velocity equals the lift-off velocity 
calculated above. From this point, the rate of climb was calculated from the following equation using the 
lift -off velocity: 
T - T, 
R/C=V a R 
a W 
The time needed to climb six feet was calculated from the rate of climb and multiplied by the horizontal 
component of velocity, giving the distance needed to clear the ribbon. This distance was added to the liftoff-
distance calculated above to give the total distance required to takeoff and clear the six-foot ribbon. 
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Q Appendix C-Detailed Drawi:n·g Package of Final Design 
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Q Appendix D-Aiternate Fu~elage Construction Technique 
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Q Appendix E-Aiternate Wing Construction Technique 
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Appendix F-Schematic~· for Velocity Controller 
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Differences in Final Contest Aircraft 
For the most part, the design team stayed with the airplane design configuration as described in the 
proposal phase of the Design Report. However, some minor modifications in the fuselage layout were made 
as needed during the actual construction of the aircraft. Also, some additional analyses and tests were 
performed that altered the airplane's performance predictions. Specifically, analysis and testing was 
performed to assist in the selection of the correct propeller and flight speed in varying wind conditions. 
Internal Component Layout 
Probably the most significant changes made involved the internal layout of the various components in the 
fuselage. Before the airplane was actually constructed, the weight of different articles could only be 
estimated. With these estimations, the layout of the fuselage was developed. Table 1 shows the weight 
analysis of the completed airplane. (The previous weight analysis is shown in Table 4 on page 24 of the 
proposal phase of the Design Report). None of the components' weights were heavier than estimated, but 
the actual weight of the horizontal and vertical tail surfaces was 0.20 pounds lighter. This was a positive 
development as the total weight of the airplane was reduced to 14.57 pounds as shown. However, this had a 
significant effect upon the location of the airplane's center of gravity. As a result, modifications were made 
in the location of the internal components to position the center of gravity properly. 
Table 1-Weight Summary 
Airframe Structure: 
Fuselage 
Landing Gear 
Tail 
Tail Tube 
Wings 
Subtotal: 
Internal Components and Payload: 
Propeller Selection 
Motor 
Motor Batteries 
Motor Speed Control 
Propeller & Spinner 
Push Rods 
Receiver & Servo Package 
Steel Payload 
Velocity Controller & Pitot Tube 
Subtotal: 
0.92 lb. 
0.6 lb. 
0.12 lb. 
0.08 lb. 
0.85 lb. 
2.57 lb. 
0.75 lb. 
2.5 lb. 
0.06 lb. 
0.18 lb. 
0.06 lb. 
0.8 lb. 
7.5 lb. 
0.15 lb. 
12 lb. 
As detailed in the proposal phase of the Design Report, the final selection of the electric motor, speed 
controller, battery pack, and propeller was made with the help of"Mpeff', a program developed by the 
design team. In general, the design team feels that the mathematical model used to describe the motor, 
0 
0 
0 
speed controller, and battery pack, as shown in Figure 1 (also see Appendix A of the proposal phase), has 
been well tested and closely predicts the combined performance of these elements of the power plant. 
However, since the mathematical equations used to describe the performance of the propeller in this 
program were derived from very limited information gathered from one source, the design team suspected 
that the performance results predicted by "Mpeff" were not correct. 
Rb 
'tim 
Ib 
E< I 
Battery 
Eb 
Bpeed 
Control 
Em l 
Motor 
Figure 1-Schematic of Motor/Speed Control/Battery System 
Pb 
Tq 
2 
The design team felt it was necessary to compare the predicted propeller characteristics calculated by 
"Mpeff'' with experimental data. Several propellers were tested in a low speed wind tunnel with the use of a 
single motor and a direct voltage source. Two plots comparing the experimental data collected during this 
test with the results of"Mpeff'' are shown in Figure 2 and Figure 3. From these two plots, it can be seen 
that the "Mpeff'' program predicts a higher thrust output than the actual thrust output measured 
experimentally. The difference between the thrust output results was significant enough to warrant a 
change in .the power plant design by increasing the size of the propeller. Initial flight tests indicate that a 
12x 12 propeller will be sufficient to allow take off in the required distance. Further study of the 
experimental data will help the design team correct the mathematical equations that describe the propeller 
performance and update the "Mpeff'' program so that it more closely approximates the experimental data. 
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Figure 2 - Thrust Coefficient versus Advance Ratio 
for llxll Propeller at an Airspeed of35.5 MPH 
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Figure 3 - Thrust Coefficient versus Advance Ratio 
for llx12 Propeller at an Airspeed of 35.5 MPH 
As explained in the design report, an electronic airspeed controller will be used to ensure that the aircraft is 
fl9wn at its optimum airspeed. Part of this system is a laptop computer running software that calculates the 
desired airspeed as a function of wind speed. The program, as explained in the design report, calculates the 
maximum range airspeed as a function of headwind in steady, level flight. The optimum airspeed is 
different for the upwind leg than for the downwind leg, so it was planned that the airspeed would be 
adjusted accordingly. However, it was found that this was too much for the pilot to have to do and still 
safely fly the airplane. So, new software has been developed that calculates the optimum constant airspeed 
for the entire course as a function of wind direction and speed. 
The first step in developing the model was to relate the ground speed to the airspeed and wind speed and 
direction; Figure 4 shows this relation. From the figure, it is seen that if the aircraft is flying directly into a 
0 
0 
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headwind, the ground speed will be less than the airspeed by an amount equal to the speed of the wind. If 
the aircraft is flying directly with a tailwind, the ground speed will be equal to the sum of the airspeed and 
the wind speed. A crosswind also effects the ground speed of the aircraft because in order to maintain a 
specified ground track over the ground, the pilot must "crab" into the wind at an angle to the desired line of 
flight. When flying in a direct crosswind, only one component of the airspeed contributes to the ground 
speed, the other must balance the crosswind to keep the aircraft from drifting off track. 
Figure 4 - The relationship between ground speed, airspeed, and wind speed 
Using Figure 4, it can be shown that the ground speed, V8, is given as 
where Va is the airspeed, V cw is the crosswind component, and V hw is the headwind component. 
While the aircraft is in a turn, the wind will cause the entire "turning curve" to move. The amount that this 
curve is shifted, X~~v.. or Xcw, is simply the wind speed multiplied by the time in the tum, or 
X =(7rR) ·V 
cw v cw 
a 
where R is the turning radius. 
0 
Taking these relations and the course geometry into account, the total time to complete a lap as a function 
of airspeed, headwind speed, and crosswind speed can be expressed as 
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Figure 5-Maximum Number of Laps Varying Headwind 
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. Figure 6-Maximum Number of Laps Varying Crosswind 
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Figure 5 and Figure 6 show the maximum number of laps that can be completed for different magnitudes of 
headwind and crosswind. The maximum number of laps are calculated from a strictly time-limited 
approach, and from an energy-limited approach which takes into account the aircraft drag characteristics, 
battery capacity, and power-plant energy consumption parameters. From these plots, two major 
characteristics can be seen: 
I) The cross wind has larger effect on the optimum airspeed than the headwind 
2) The optimum airspeed decreases with larger wind speeds 
Decreasing the airspeed in a wind may seem counterintuitive. In fact, both the energy limited optimum 
airspeed and the time limited optimum airspeed increase with wind speed. However, for this design the 
optimum always occurs at the intersection of the time limited curve and the energy limited curve, and this 
intersection moves to lower airspeeds with higher wind speeds. 
The design team feels that this new method of calculating the optimum airspeed is an improvement because 
the pilot will no longer have to worry about adjusting the airspeed for each leg of the course. 
Cost Summary 
A summary of the manufacturers list prices of the various items used in the construction of the final design 
is shpwn in Table 2. (This is modified from Table 5 on page 36 in the proposal phase of the Design 
Report). The items shown in red were higher than estimated and the items shown in blue were lower than 
estimated. The cost ofthe airframe structure was estimated at $158.27, but actually was $174.68. The 
internal components and payload turned out to cost $697.23, over $10 less than the estimated $707.68. The 
0 
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cost of construction supplies cost $75.16, over $30 more than the expected $43.45. In all, the final airplane 
design cost $947.07, which was almost $40 more than the $909.50 cost indicated in the proposal phase. 
Table 2-Design Cost Summary 
Airframe Structure: 
Aircraft Plywood 1/32" 
Aircraft Plywood 3/32" 
Balsa Wood Sheeting 1/32" 
Balsa Wood Supports 
Carbon Fiber Prepreg 
Carbon Fiber Tail Tube 
Hard Wood Dowels 3/16" & 114" 
Hinges 
Landing Gear Mount 
Monokote 
Motor Support Clamps 
Plastic Bolts & Nuts 3/8" 
Scotch Tape 
Styrofoam 
Tail Gear 
Tail Tube Support Bracket 
Tail Tube Support Clamps 
Wheels & Collars 
Internal Components and Payload: 
Motor 
Motor Batteries 
Propeller & Spinner 
Push Rods 
Radio & Receiver Package 
Speed Controller 
Steel Payload 
Construction Supplies: 
Aluminum Templates 
Balsa Filler 
Epo:-.)· 
Glue Accelerant 
Masking Tape 
Rubber Bands 
Spray Glue 
Wood Glue 
Wood Jigs 
Subtotal: 
Subtotal: 
Subtotal: 
MSRP 
16.00 
10.95 
37.50 
3.50 
25.95 
7.00 
0.75 
1.50 
1.00 
36.00 
0.80 
4.00 
1.29 
15.75 
3.00 
1.89 
0.80 
7.00 
174.68 
125.00 
115.15 
30.00 
8.25 
350.00 
65.00 
3.83 
697.23 
1.95 
10.89 
15.95 
5.29 
0.79 
1.98 
12.33 
20.98 
5.00 
75.16 
S947.07 
0 
0' 
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Time to Implement Changes 
The manufacturing plan was developed to easily accommodate necessary design changes. As the 
manufacturing process progressed, the problems were identified and resolved "on the fly". As is typical for 
this type of project, the actual time required to construct the airplane exceeded the time expected. 
Therefore, the airplane's completion date was extended by approximately one week due to the 
modifications previously mentioned. 
Areas for Improvement in Next Design 
Tail Boom Design 
During initial flight tests, a few problems with interference between the radio and receiver while the motor 
is running were discovered. It was found that the interference was worse when the antenna was placed near 
the carbon fiber in the main support beam of the wing and the carbon fiber tail boom. Therefore, a possible 
remedy to this problem is to use a different material for the tail boom so the antenna can be run through it. 
In addition, the carbon fiber tube used for the tail boom was designed to resist bending, but was not 
designed to resist torsion. This allows the tail section to twist about the main axis when rudder is applied in 
flight. This does not significantly affect the airplane's performance, but a future version would be improved 
by using a tail boom designed to better resist torsion. 
Main Support Be~m in Wing 
As is documented in the proposal phase of the Design Report, the main support beam in the wing was 
designed to withstand a 3.5g load. The beam was tested for strength and it was discovered that the beam 
can withstand that loading with a safety factor of three. Therefore, the main beam could be made smaller 
and lighter in a future version of the wing. The size of the beam in the current design caused some 
difficulties in maintaining the proper airfoil shape in the wing sections. Thus, reducing the beam size would 
also provide benefits in the aerodynamic performance. 
Easy Modifications 
One definite improvement for a future design is to allow for easier access, modification, and repair of the 
various components of the airplane. Some items are permanently built into the structure, so in order to 
access them, parts of the airplane would have to be disassembled. 
Battery Pack 
When the 19-cell battery pack was ordered from the manufacturer, it was clearly stated by the design team 
that the finished weight was to be less than 2.5 pounds. Upon inspection of the delivered product, it was 
found that the manufacturer had cut a few corners in order to meet this weight requirement. Most 
noticeably, the connectors between the individual cells are too small, causing excess internal losses and 
generating much heat. To prevent this from occurring in a future iteration, the design team would find a 
battery pack manufacturer here at the university so that closer control could maintained over the 
manufacturing process. 
